Summary Young individuals of a single black cottonwood (Populus trichocarpa Torr. & Gray) clone were raised for three growing seasons in whole-tree chambers and exposed to either ambient or elevated atmospheric carbon dioxide concentration ([CO 2 ]), with either a high or a low mineral nutrient supply, in a factorial experimental design. Nutrient availability had a larger effect on growth and dry matter partitioning than did [CO 2 ]. Total biomass did not differ significantly with CO 2 treatment when nutrient availability was low. However, elevated [CO 2 ] increased whole-plant biomass by 47% in the high nutrient availability treatment. Carbon dioxide enrichment reduced leaf area ratio and specific leaf area significantly, but had no significant effect on mean leaf size or leaf mass ratio. Root mass ratio was significantly increased by elevated [CO 2 ] at low, but not at high nutrient availability. A modified "demographic harvesting approach" made possible the retrospective estimation of stem and branch dry masses for different years. The relative growth rates of stem and branch were significantly enhanced by elevated [CO 2 ] with high, but not with low nutrient availability. Canopy productivity index (CPI), i.e., the amount of stem and branchwood produced annually per unit leaf area, was raised 12% by elevated [CO 2 ] when nutrient availability was high, but was reduced when nutrient availability was low, because of increased belowground allocation.
Introduction
Combustion of fossil fuels is expected to cause an approximate doubling in atmospheric CO 2 concentration ([CO 2 ]) to 650-700 µmol mol -1 by the end of this century (Houghton et al. 1995) . Because, at the current atmospheric concentration, CO 2 is a limiting substrate for photosynthesis of C 3 plants, the anticipated increase in [CO 2 ] is expected to increase plant growth. Experiments with a range of woody species indicate that a doubling of [CO 2 ] typically increases growth by 30-40% (see reviews by Eamus and Jarvis 1989 , Ceulemans and Mousseau 1994 , Curtis and Wang 1998 , Saxe et al. 1998 , Norby et al. 1999 ). The CO 2 -induced response varies, however, within and between species (Poorter 1993) . Whether this variation reflects genetic variation, differences in experimental conditions, or interactions between CO 2 and other environmental factors remains to be elucidated.
A number of factors limit the interpretation of published studies on the effects of [CO 2 ] on tree growth. One is the frequency of studies conducted on time-scales too short to allow plants to fully acclimate to CO 2 treatments (Jarvis 1989) . Others include the use of plants in containers that restrict root development, the failure to adequately control mineral nutrient availability (e.g., Arp 1991, Linder and Murray 1998) , and the preponderance of studies on seedlings, which may respond to [CO 2 ] differently than older trees (Loehle 1995) . Here we report a study to assess the response of field-grown cuttings of a single black cottonwood (Populus trichocarpa Torr. & Gray) clone to elevated [CO 2 ] over a 3-year treatment period. The plants, which were 4 years old at the beginning of the experiment, were up to 3.5 m tall at the end of the experiment. We believe, therefore, that the results are indicative of responses to be expected during the early stages of stand development. In particular, the study examined the interaction between [CO 2 ] and mineral nutrient availability on biomass production and allocation by means of growth analysis techniques.
Materials and methods

Field site
The study was conducted in the experimental plantation at Gunnarsholt, south Iceland (63°51′ N, 20°13′ W, 78 m a.s.l.). The 14.5-ha plantation was established in 1990 from cuttings of a single clone of black cottonwood (Clone Idunn) planted at 1-m spacing. The mean annual temperature at a nearby meteorological station (Hella, 9 km) is 4.3°C. The mean temperature of the warmest and coldest month (July and January) is 11.4 and -1.8°C, respectively, and the mean annual precipitation is 1140 mm (Einarsson 1976) . The soil is an Andisol (a type only found in volcanic areas), with a silty loam texture. Soil water potential is permanently close to field capacity . A more detailed description of the site can be found in Aradóttir et al. (1997) and Sigurdsson et al. (1998) .
Nutrient treatments
Four 100-m 2 plots were established at the site in 1993. Two of the plots were fertilized to prevent growth limitation by mineral nutrient availability, and two plots served as unfertilized controls. As the trees grew, annual fertilizer additions were increased. The first nutrient application (40 kg N ha -1 ) was late in the growing season of 1993, the year before the CO 2 experiment started. In 1994 , respectively, were applied each spring as a solid fertilizer mix, with all macronutrients in proportion to nitrogen (cf. Linder 1995) . To quantify the effect of fertilization on tree nutrient status, the nitrogen concentration ([N]) of the youngest, fully expanded leaves was analyzed. The leaves were collected from the uppermost shoots in mid-August of 1993, 1995 and 1996 . After sampling, the leaves were placed on ice and stored at -18°C for later processing. The samples were dried for 48 h at 70°C, ground to < 0.12 mm, weighed and analyzed for nitrogen and carbohydrate content. Nitrogen content was determined with an automatic analyzer (Carlo Erba ANA 1500, Carlo Erba Strumentatzione, Milan, Italy). Leaf starch and soluble sugars were analyzed as described in Roberntz and Linder (1999) , and are used only to account for dilution effects on nutrient concentrations (cf. Linder 1995) .
Carbon dioxide treatments
Treatments were applied in closed-top chambers (PVC plastic on an aluminium frame) built around young trees. The chambers were extended in height as the trees grew, reaching 3.0-3.6 m in 1996. Carbon dioxide enrichment of chamber air was achieved with a system similar to that described by Barton et al. (1993) . In May 1994, eight chambers were installed in each of the unfertilized control and fertilized treatments. The chamber trees were randomly selected from among young trees of similar appearance. For each nutrient treatment, four chambers (denoted A and AF for the non-fertilized and fertilized treatments, respectively) were flushed with ambient air. The eight remaining chambers, four in each of the non-fertilized and fertilized treatments (denoted E and EF, respectively), were flushed with CO 2 -enriched air from May 1994 until September 1996. The chambers were removed each year following leaf fall in late September and reassembled before bud burst in late May. The duration of the CO 2 exposure period was 111, 119 and 118 days for 1994, 1995 and 1996, respectively.
The [CO 2 ] in the elevated CO 2 treatment was 350 ± 50 µmol mol -1 above ambient [CO 2 ] for 93-94% of the exposure period (Table 1) . In 1994 and 1995, the temperature difference inside and outside the chambers was measured with copperconstantan thermocouples. In 1996, chamber wet-and drybulb temperatures were measured with psychrometers. The chambers increased the seasonal mean temperature by 1.1-1.2°C (Table 1) . Seasonal mean vapor pressure deficit of the air in the chambers during 1996 was only 0.14 hPa above the free air value (Table 1) . Photosynthetic photon flux density (PPFD) was measured for 1 month inside and outside an empty chamber by means of two quantum sensors (Li-Cor Inc., Lincoln, NE). On average, the chambers reflected and absorbed 7% of the incoming PPFD. Chamber airflow, measured with a hot-wire anemometer, was equivalent to~3.3 air changes per minute.
Height and leaf area
Growth responses were monitored by nondestructive measurements of height and leaf area. At the end of each growing season, fallen leaves were collected within the chambers. In 1994, the leaves were counted and the total leaf area estimated from that of a subsample measured with an area meter (LI-3100, Li-Cor Inc.). In 1995, the total leaf area of all fallen leaves was measured with the area meter. In 1996, the leaves were collected just before leaf fall and measured with the area meter. After the determination of area, leaves were dried at 70 °C for 48 h and weighed.
Final harvest
All studied trees were harvested in September 1996. Stems and branches were harvested according to the "demographic approach" (Flower-Ellis 1993): each tree was divided into stem and branch sections by year of formation from 1990 to 1996, using the terminal bud scale scars as initial markers (Figure 1 ). (Black cottonwood has free growth of shoots, which means that there was only one bud scar per year, and it does not form sylleptic side shoots under the site conditions, which means it produces only one axis per year.) The length of each section of stem and branch was measured. Coarse roots down to 2 mm in diameter were carefully excavated and their length recorded. All sections were dried to constant weight at 70 °C.
Total annual wood increment was estimated by adding an analysis of secondary growth and basic density to the demo- graphic approach. Discs, 4 cm thick, were cut from the middle of the last four age-classes (sections) of the stem. The disc surface was sanded down and the diameters of each growth ring, the cambium and the bark were measured with callipers with the aid of a magnifying glass. The ring widths were measured along three lines crossing the pith of the disc. The cross-sectional area of each growth ring was calculated from these data. The discs were dried at 70°C for 48 h and weighed, and then submerged for 48 h in deionized water with 0.02% Triton tenside to ensure that the wood was saturated. The volume of the discs was then measured by the water displacement method (Olesen 1971) . Basic density was calculated from the dry mass and the saturated wood volume of the discs, with and without bark.
Calculation of the annual dry matter increment
Dry mass of each section of the tree in 1996 (M i ) was divided into wood (W i ) and bark (B i ):
where i indicates the year the section was created (see Figure 1) , n is the number of annual rings in section i, R ij is the mean cross-sectional area of a given annual ring, j, in the stem, A i is the mean total cross-sectional area of the stem section, and ρ w and ρ b are the basic density for wood and bark, respectively. The annual increments of wood and bark for each section, W ij and B ij , respectively, were then estimated by:
and
where C ij is the circumference of a given ring in the stem section i and C i 96 is its circumference in 1996. The total annual wood and bark increment of the whole tree (I j ) was found by summing all sections of stem and branches:
where x is the number of sections containing the given annual growth, which varies between 1 and 6. A central assumption in this analysis is that the relative cross-sectional area of each annual ring was the same in stem and branch sections of equal age. A less critical assumption was made in Equation 4, i.e., that the annual increase in bark mass was proportional to the increase in circumference. Shoot mortality was ignored in this analysis, as it accounted for only 0.1-0.6% of the biomass. By including information about maximum annual leaf area, the canopy productivity index (CPI; i.e., the annual production of wood and bark per unit leaf area; Norby 1996) was estimated for the 3 years of the experiment. Canopy productivity index is insensitive to all changes in belowground allocation, because it involves only aboveground structures. It may, however, be helpful for predicting what will happen after canopy closure, when trees have attained relatively constant leaf area (Tissue et al. 1997) .
Data analyses
Treatment effects were evaluated by analysis of variance (ANOVA) (SAS system 6.12, SAS Institute Inc., Cary, NC), where the unit of replication was the chamber (n = 4). Differences between treatments were analyzed with Fisher's least significant difference tests (LSD). Because some measurements were made on the same individual in different years, variance could not be assumed to be independent. Such data were therefore analyzed as repeated measures, with year as a class variable, where the covariance between individuals and treatment was estimated for each year. Annual differences and an overall effect (over the three treatment years) were analyzed with LSD tests and orthogonal contrasts, respectively (SAS Institute 1985, page 496).
Results
Foliage nutrient status
Foliage nitrogen (N) concentration increased after the initial fertilization in autumn 1993 (Table 2) 
Total biomass
Total biomass did not differ significantly between CO 2 treatments at low nutrient availability (EL). However, at the high nutrient availability (EH), elevated [CO 2 ] caused a 47% increase in total biomass (P = 0.04; Figure 2 ). Fertilization increased total biomass significantly, by 146 and 280%, for trees in the ambient (FA) and elevated [CO 2 ] (FE) treatments, respectively.
Aboveground biomass and partitioning
Elevated [CO 2 ] increased foliage mass by only 2% when nutrient availability was low, but by 43% when nutrient availability was high (Table 3) . Dry mass of both stems and branches decreased in response to elevated [CO 2 ] by 11 and 12%, respectively, when nutrient availability was low, but increased by 43 and 45%, respectively, when nutrient availability was high. Dry mass ratios for stems and branches were not significantly affected by [CO 2 ], but leaf area ratio (LAR) decreased by 9 and 13% in trees in the low and high nutrient availability treatments, respectively. Similarly, specific leaf area (SLA) decreased in response to elevated [CO 2 ] by 13 and 11% in trees in the low and high nutrient availability treatments, respectively. Mean leaf size (MLS) and leaf mass ratio (LMR) were not significantly affected by [CO 2 ].
Fertilization increased dry mass of foliage, branches and stems by between 154 and 442% (Table 3) . Relative increases in aboveground growth were accompanied by a 28 and 39% increase in dry mass partitioning to branches (BMR) in FA and FE trees, respectively. Leaf and stem mass ratios did not change significantly. In FA and FE trees, LAR increased by 28 and 22%, respectively, SLA by 25 and 28%, respectively, and MLS by 94 and 100%, respectively.
Belowground biomass and partitioning
Elevated [CO 2 ] did not significantly change coarse root mass in the low nutrient availability treatment, but increased it by 58% in the high nutrient availability treatment (Figure 2 , Table 3). Root length increased in response to elevated [CO 2 ] by 11 and 14% in trees in the low and high nutrient availability treatments, respectively. Root mass ratio (RMR) increased in response to elevated [CO 2 ] by 7 and 9% in trees in the low and high nutrient availability treatments, respectively. Specific root length (SRL) showed a negative trend in response to elevated [CO 2 ] (9 and 6% lower in trees in the low and high nutrient availability treatments, respectively). The effect of [CO 2 ] on RMR and SRL was significant only in trees in the low nutrient availability treatment (P < 0.02 in both cases). Fertilization increased dry mass and length of coarse roots by 61 and 149% and 49 and 52% in FA and FE trees, respectively. However, fertilization significantly decreased RMR and SRL by between 30 and 35% in all cases.
Stem elongation, branching and leaf area
Elevated [CO 2 ] had no significant effect on height, number of shoots, or mean or total shoot length, irrespective of nutrient status, when analyzed for each year individually or for all years together (overall test for height yielded P < 0.27 for EL and P < 0.09 for EH; Figure 3a , Table 4 ). Leaf area was equally unresponsive to [CO 2 ], except in the last year when there was a significant (P < 0.04; Figure 3b ) increase in trees in the high nutrient availability treatment. Fertilization increased both height and leaf-area growth, number of shoots, and total and mean shoot length, irrespective of CO 2 treatment ( Figure 3 and Table 4 ; overall test P < 0.001). Table 3 .
Diameter growth and basic density
Diameter growth is presented only for the 1993 section (Table 4). Cross-sectional area of annual rings increased significantly in EH trees (overall test P < 0.02). No significant effect on diameter growth was detected in EL trees, but the EL treatment significantly increased the basic density of stem discs with bark by 2.2%. Basic density did not, however, increase significantly in EH trees. Fertilization increased diameter growth after the first treatment year, but decreased the basic density by 7 and 9% for FA and FE trees, respectively.
Annual dry mass increment
Annual dry mass increment of stems and branches (I j ) was estimated for 1993-1996 from the demographic harvest data (Figure 4 ). Aboveground woody biomass increased exponentially throughout the 3 years of the experiment (linear regressions on log e transformed data, P < 0.01). When trees grow exponentially, the mean relative growth rate of aboveground wood (RGR w ) can be estimated from the slopes between log e dry mass and time. A small (5%), but significant increase in RGR w was detected in EH trees (P < 0.02), but RGR w did not change significantly in EL trees. Fertilization increased RGR w significantly by 40 and 54% (both P < 0.01) in FA and FE trees, respectively.
Canopy productivity index
Annual stem and branch production per unit leaf area gradually increased in all treatments during the experimental period as the stand approached canopy closure ( Figure 5 ). Mean CPI was 12% higher in EH trees over the 3 years (P < 0.01). A significant negative CO 2 effect was detected on CPI in EL trees in the first treatment year (-16%; P < 0.01), but it did not significantly differ from zero in the remaining years. Fertilization resulted in 23 (FA) and 45% (FE) higher CPI over the 3 years (P < 0.001; Figure 5 ). On an annual basis, FA trees showed a significant fertilization effect on CPI only after the first treatment year.
Discussion
Elevated [CO2] and biomass production
Over three growing seasons, trees in elevated [CO 2 ] with high mineral nutrient availability produced 47% more biomass (aboveground and coarse roots) than trees in ambient air (Figure 2) . This corresponds to the average CO 2 effect of 49% found for deciduous trees in the review by Saxe et al. (1998) . It agrees also with a range of short-and longer-term studies published for Populus spp. grown in elevated [CO 2 ] with a high nutrient supply (38 to 58% stimulation after 68 to 600 days;
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com GROWTH RESPONSE TO ELEVATED CO2 AND NUTRIENT AVAILABILITY 945 Radoglou and Jarvis 1990, Bosac et al. 1995 , Curtis et al. 1995 , Ceulemans et al. 1996 . However, when the trees in the present study were growing at natural, but low, N availability, no significant change was found in total biomass, and aboveground biomass was actually 9% lower in elevated [CO 2 ] compared to that in ambient [CO 2 ] (Figure 2 ). Our results do not support the model-based predictions of Lloyd and Farquhar (1996) nutrient availability will show a greater growth response to CO 2 -enrichment than plants grown at high nutrient availability. A lack of model interaction between allocation patterns and N and C availability may be the prime reason why Lloyd and Farquhar (1996) predict different results. A constant RMR at reduced N availability will overestimate leaf growth, light interception and consequently available carbon for growth in their photosynthesis-driven model. Also, their assumption that N uptake increases linearly with structural root mass, following the assumption that all assimilated carbon that is not used for leaf growth will be used for root growth (no stems and branches; see their Equation A2.4), may be important in this context. An overestimation of N uptake will overestimate the modeled foliage [N] and further overestimate the long-term effects of increased carbon assimilation in elevated [CO 2 ] at low nutrient availability. Our data are, however, in line with the recent review of results for woody species by Curtis and Wang (1998) , who found that studies conducted at low soil nutrient availability on average showed only half the CO 2 stimulation of total biomass accumulation compared with those conducted at high nutrient availability. Furthermore, a similar lack of a positive CO 2 response on aboveground growth has been reported for different species of Populus growing in natural soils or at low N availability (Curtis et al. 1994 , Kubiske et al. 1998 . Because nutrient availability (mainly N) limits growth in most northern forest ecosystems (Tamm 1991) , a knowledge of CO 2 responses at low nutrient availability is important for predicting future tree growth.
Elevated [CO2] and secondary growth
The increase in shoot biomass in response to the EH treatment was primarily associated with increases in secondary growth. Neither height growth, number of branches, nor mean shoot length were significantly increased (Table 4) . Growth response to elevated [CO 2 ] in Populus spp. has been attributed to increases in stem elongation, rather than to increases in secondary growth (Radoglou and Jarvis 1990, Brown 1991) . A lack of response in secondary growth may be an effect of the short treatment time in those studies. In a 2-year study on a P. trichocarpa × P. deltoides Bartr. ex Marsh clone, Ceulemans et al. (1996) reported that secondary growth largely explained a significant CO 2 effect on stem volume. At the lower nitrogen status, only basic density was significantly increased by elevated [CO 2 ] (Table 4) . A similar increase in wood density has also been observed in Pinus radiata D. Don seedlings (Conroy et al. 1990 ) and Picea abies (L.) Karst trees (Hättenschwiler et al. 1996) .
Elevated [CO2] and growth analysis
A decline in relative growth in response to elevated [CO 2 ] has been attributed to variable changes in different plant properties, including: (i) photosynthetic capacity; (ii) carbon allocation; (iii) morphological determinants of canopy structure, such as branching patterns; (iv) changes in the seasonal leaf display (leaf phenology); and (v) ontological drift in growth patterns as trees in elevated [CO 2 ] increase more rapidly in size (e.g., Arp 1991 , Körner 1996 , Tissue et al. 1997 , Linder and Murray 1998 .
Photosynthetic capacity, at both high and low nutrient availability, increased 49% in response to elevated [CO 2 ], and no down-regulation of photosynthesis was apparent after 3 years of treatment (Sigurdsson et al. 2001) . The lack of growth response of EL trees must therefore be explained by some feedback mechanisms in other growth processes. Branching patterns or ontological drift cannot explain the lack of CO 2 response of EL trees, because no differences were found either in branching or in the size of the trees (Tables 3 and 4 ). Leaf phenology can have an effect on the seasonal course of leaf area development and light interception. If leaf emergence is delayed in spring or leaf senescence is accelerated in autumn, decreases in seasonal light interception and growth can be expected to follow, even though maximum annual leaf area is unaffected. These processes would require further analysis in the present experiment. Root mass ratio was, however, significantly increased for EL trees, which may indicate that most of the additional carbon fixed in elevated [CO 2 ] was allocated belowground (Table 3) . Relatively small increases in dry matter partitioning toward non-photosynthesizing tissues can decrease growth rate profoundly (Poorter et al. 1990 ). This is because, in an expanding canopy, reduced dry matter partitioning to leaves increases the respiratory load and reduces leaf area (light interception), which in turn reduces available carbon for growth, compared with a tree with unaltered partitioning. Increased RMR could therefore help to explain the observed lack of aboveground growth enhancement for EL trees, and is in accordance with the nitrogen-carbon balance concept (Reynolds and Thornley 1982) . No significant change was observed in the RMR of EH trees, even though there was a strong trend toward increased belowground growth.
Another potential negative feedback observed for both EL and EH trees was a decrease in LAR through reduction in SLA (Table 3) . This reduction was, however, not an indication of reduced dry mass partitioning to foliage, because LMR was unchanged, nor was it an effect of altered leaf expansion, because the mean leaf size was unaffected (Table 3) . Thus, it does not involve a direct effect on light interception. The leaves were simply heavier in the elevated [CO 2 ] treatments. A reduction in SLA is a phenomenon commonly seen in elevated [CO 2 ] experiments (Saxe et al. 1998 ) and has been linked to accumulation of carbohydrates in leaves (Pettersson et al. 1993) , morphological changes (Thomas and Harvey 1983) or both. Because LAR represents a balance between light interception and respiratory load, this decrease may have a negative effect on growth rate.
A weakness of the mass ratio and LAR estimates made in the present study is that not all of the carbon sinks can be quantified. If those "missing sinks" are different between treatments, then the mass ratios may provide a misleading picture of the relative distribution of photosynthate within the trees. The main "missing sinks" in the present study are: (a) the amount and turnover of fine roots; (b) exudation; and (c) mycorrhiza. Fine-root production is generally stimulated by ele-vated [CO 2 ] (Norby 1994, Rey and Jarvis 1997) , as confirmed by several studies with Populus spp. (Zak et al. 1993 , Bosac et al. 1995 , Kubiske et al. 1998 ). There was, however, no practical way to measure fine-root production of the individual chamber trees, because the rooting zone was unrestricted, and the coarse roots extended up to 7.5 m into the surrounding stand. Exudation has also been reported to increase in the rhizosphere of CO 2 -enriched Populus trees (Zak et al. 1993) . Increased mycorrhizal infection has, however, only been observed in about half of the studies conducted with elevated [CO 2 ] (Canadell et al. 1996) . These processes could together create a substantial sink for the extra carbon fixed in response to elevated [CO 2 ], and account for what has been called "locally missing carbon" in a number of CO 2 studies, where canopy photosynthesis has been found to increase without corresponding increases in growth (Cheng 1999) .
Fertilization response on growth
A mid-August [N] of about 30 mg g -1 is considered necessary to maintain high productivity in Populus trichocarpa (Heilman 1985) . Even though the mean [N] in the fertilized trees did not exceed this value (Table 2) , the observed concentrations were similar to or higher than those for other fertilization trials with Populus spp. (e.g., Heilman 1985 , Curtis et al. 1994 .
Fertilization led to large increases in growth over the three treatment years. The partitioning of dry mass was also strongly affected by fertilization. Relatively less carbon was allocated belowground, seen as a 35% decrease in RMR (Table 3). More carbon was instead used for branching and shoot extension (primary growth; Tables 3 and 4 ). The relative amount of dry mass invested in leaves (LMR) was not, however, changed by fertilization (Table 3) . Leaf area ratio was nevertheless increased, which was mainly because of increased leaf expansion (MLS) and more foliage produced per unit dry mass (i.e., increased SLA), leading to increased light interception and whole-tree photosynthesis.
The increase in light interception is not the only explanation for improved growth after fertilization. When aboveground growth was calculated as CPI, a 20-40% increase in growth per unit leaf area was observed in trees in the fertilized treatments ( Figure 5 ). This was partly caused by increased partitioning to aboveground structures at the cost of belowground sinks (Table 3) . That is, more of the available carbon was used for leaf, stem and branch growth, which increased the aboveground light-use efficiency. A reduction in belowground partitioning was similarly found to contribute to increased lightuse efficiency in both Pinus sylvestris L. and Picea abies stands after fertilization (Linder and Axelsson 1982, Bergh et al. 1999) . In addition, the improved CPI may have been caused in part by an increase in photosynthetic capacity as an effect of the higher leaf [N] ( (Curtis et al. 1994) .
Will the growth responses be maintained?
By using the demographic approach, annual dry mass assimilation in stem and branches could be estimated retrospectively in the different treatments. The accumulated increase in total biomass for EH (47%) was accompanied by a 5% higher mean relative growth rate of stems and branches (RGR w ) over the 3 years (Figure 4) . The relative growth rate of whole trees was increased even more, because RMR also increased marginally.
Will this CO 2 -induced increase in tree growth be maintained after the stand closes and light competition intensifies, or will it only speed up the initial stage of stand development? This is a central question for all CO 2 experiments on individual (young) trees, because an increase in leaf area in response to elevated [CO 2 ], as observed in a partly open environment, is unlikely to persist indefinitely as trees form a denser canopy (e.g., Norby et al. 1999) . Hence, the growth response to elevated [CO 2 ] that is primarily linked to changes in light interception, such as an increase in branching, leaf production or leaf expansion, is likely to diminish as stands grow denser. There is, however, no apparent reason why the relative treatment effect on annual growth per unit leaf area (CPI) should change with stand development (Norby et al. 1999) . A mean increase in CPI of 12% was observed for EH trees, and the response was similar in all three treatment years ( Figure 5 ). These results suggest that, after canopy closure, when trees have attained a relatively constant leaf area, growth will continue to be stimulated by elevated [CO 2 ] if N availability remains high. The long-term response to elevated [CO 2 ] is, however, strongly linked to nutrient cycling. Canopy productivity index was unchanged for EL trees in the second and third treatment years ( Figure 5 ), and the 16% negative response for EL trees in 1994 may indicate that the increase in RMR was most pronounced in the first treatment year.
The observed increase in leaf area in response to fertilization cannot be maintained after canopy closure. However, fertilization was found to increase CPI, which may indicate a persistent stimulation of wood production after canopy closure.
Conclusion
Elevated [CO 2 ] was found to increase dry mass production only at the higher nutrient supply, despite similar increases in photosynthetic capacity for EL and EH trees. The increased partitioning to coarse roots and the lower LAR cannot alone explain the absence of a whole-plant biomass growth response of EL trees. A probable explanation is increased partitioning to unidentified belowground sinks and changes in phenology. The increase in final size of EH trees was the result of more aboveground growth per unit leaf area, which is the expected result of higher photosynthetic capacity in elevated [CO 2 ].
Changes in nutrient availability had a larger effect on dry mass production and partitioning than elevated [CO 2 ]. The positive fertilization response of aboveground growth was mainly an effect of increased leaf expansion and decreased partitioning to roots.
Because mineral nutrients limit growth in most northern forest ecosystems, the observed interaction between [CO 2 ] and nutrient status on dry mass production may be important when predicting future tree growth. It is doubtful that productivity of black cottonwood stands on rather infertile soils in Iceland will increase in a future high-CO 2 environment unless N availability increases simultaneously.
